Tuberculosis is responsible for the death of >1.5 million people every year [1] . The BCG vaccine provides protection from childhood tuberculosis but is ineffective against adult pulmonary infection [2, 3] . Hence, new and effective antituberculosis vaccines are urgently required. However, the true correlates of protection against tuberculosis vis-à-vis infection are not well understood.
The prototypical response to infection with Mycobacterium tuberculosis is the formation of a granuloma [4] .
While containing the spread of Mycobacterium tuberculosis, granulomas also provide it with an environment to persist [5] . Therefore, the study of tuberculosis granulomas provides insight into crucial host-pathogen interactions [4] . It is difficult to perform such studies in human samples because of variability in dose and pathogenicity; genetic, geographic, and racial diversity in patients; time elapsed since infection; the number of reinfection events; coinfection; and other confounding factors.
Nonhuman primates (NHPs) are excellent models of human tuberculosis. It is possible to model progression to latency, reactivation, and human-like granuloma architecture in NHPs experimentally infected with Mycobacterium tuberculosis (reviewed in [6, 7] ). Rhesus macaque tuberculosis granulomas exhibit a massive reprogramming of the initial proinflammatory transcriptomic surge at the chronic stage [8] . Studies in NHPs show that that BCG can protect against severe tuberculosis [9, 10] . We therefore hypothesized that the direct comparison of granulomas from NHPs protected by BCG vaccination to those not protected could allow us to better understand the requirements of protection. These comparisons would potentially highlight, at the gene expression level, the differences in tuberculosis granulomas that successfully contain bacterial replication from those that fail to check it. We infected BCG-vaccinated or sham-vaccinated NHPs with virulent Mycobacterium tuberculosis and studied granuloma gene expression at 2 different stages of infection. Our results identify potential correlates of protection, and indicate that the progression of Mycobacterium tuberculosis infection interferes with the expression of macrophage and lymphocyte chemoattractants, allowing a relatively greater number of neutrophils to accumulate in the lesions of animals with acute tuberculosis. The expression of indoleamine 2,3-dioxygenase (IDO) is highly induced in the region adjoining central necrosis (the ring wall), an area devoid of lymphocytes. IDO is a powerful immunosuppressant and thus may inhibit the access of lymphocytes to the central region of the granulomas.
MATERIALS AND METHODS

Animals
Four Mycobacterium tuberculosis-free, retrovirus-free, cynomolgus macaques were intradermally injected with 1 × 10 6 colonyforming units (CFU) of BCG-Danish in 1 mL Sauton media, whereas 4 animals received media only. The animals were infected with Mycobacterium tuberculosis Erdman 17 weeks postvaccination via intratracheal bronchoscopy into the right lower lobe [10, 11] , and correlates of infection were obtained as described previously [12] [13] [14] . Body temperatures and weight were obtained weekly as part of a physical examination by board-certified clinical veterinarians and compared to preinfection levels. Chest radiographs (CXRs) were read in a blinded fashion by 2 clinical veterinarians and scored using the following criteria: 0, no disease; 1, moderate involvement; 2, extensive involvement; 3, miliary tuberculosis. Mycobacterium tuberculosis load was determined by random sectioning and homogenization of lung followed by the MycoPrep method for decontamination [12] [13] [14] . Two NHPs from each group were necropsied 5 and 10 weeks after Mycobacterium tuberculosis infection as described earlier [12] [13] [14] . All animals were routinely cared for according to the guidelines prescribed by the National Institutes of Health Guide to Laboratory Animal Care. Humane endpoints were predefined in this protocol and applied as a measure of reduction of discomfort. All procedures were approved by Tulane National Primate Research Center, Institutional Animal Care and Use Committee, and the Tulane Institutional Biosafety Committee.
The Tulane National Primate Research Center facilities are accredited by the American Association for Accreditation of Laboratory Animal Care and licensed by the US Department of Agriculture.
Transcriptomics
Three surgically excised granulomas from each macaque were pooled and transcriptome profiled relative to the total pool of normal lung tissue as described elsewhere [8, 14, 15] . Data were analyzed as described earlier [14] [15] [16] using Lowess-based normalization, and statistical significance was determined with the use of Spotfire DecisionSite [16] . Genes with levels of induction or repression <2-fold relative to normal lung were loaded onto DAVID (Database for Annotation, Visualization and Integrated Discovery, version 6.7; http://david.abcc.ncifcrf.gov/) to identify gene families with significant overrepresentation.
Confocal Microscopy
Multilabel confocal microscopy was performed as described earlier [8, [12] [13] [14] . Macrophages and neutrophils were detected using mouse anti-CD68-647 conjugate (catalog no. sc-20060, Santa Cruz Biotechnology, 1:10) and MAC387 (mouse, Dako, catalog no. M0747, 1:50) respectively. IDO was detected using a rabbit antibody (catalog no. HPA023072, Sigma; 1:400). Ten images of each slide were used for image analysis (Inform, PerkinElmer).
Statistics
Statistical significance was determined using either a 1-way analysis of variance with Bonferroni correction or a t test, within Prism version 5.01 (GraphPad).
RESULTS
Progression of Tuberculosis in BCG-Vaccinated Relative to Sham-Vaccinated NHPs
No adverse effects were observed following intradermal BCG vaccination of macaques. Between 4 and 8 weeks postvaccination, all BCG-vaccinated, but none of the sham-vaccinated animals, showed a positive tuberculin skin test. All 8 animals exhibited a positive tuberculin skin test at week 5 after Mycobacterium tuberculosis infection, indicating comparable infection.
Prior BCG vaccination significantly protected macaques against a lethal challenge with virulent Mycobacterium tuberculosis and produced significantly stunted tuberculosis. The control group exhibited a significant increase in body temperature at weeks 3 and 5 after Mycobacterium tuberculosis infection, relative to the BCG-vaccinated group ( Figure 1A) . The sham-vaccinated animals also showed significantly greater weight loss, relative to the BCG-vaccinated group ( Figure 1B) . The difference between the 2 groups was statistically significant during weeks 4-10. The sera of BCG-vaccinated animals contained significantly lower levels of acute-phase marker Creactive protein when compared to their sham-vaccinated counterparts ( Figure 1C ). CXRs corroborated the clinical differences in the progression of tuberculosis between the 2 groups of NHPs. Sham-vaccinated animals had significantly higher scores in their CXRs obtained 5 weeks postinfection, relative to BCG-vaccinated ones ( Figure 1D) .
Consistent with the clinical progression of disease in the 2 groups, the total Mycobacterium tuberculosis burden in lungs was significantly lower in the BCG-vaccinated NHPs relative to those that were sham-vaccinated, as evidenced from the temporal Mycobacterium tuberculosis burden in bronchoalveolar lavage fluid (Figure 2A ) and bronchial lymph nodes ( Figure 2B ), as well as terminal lung tissue ( Figure 2C and 2D) . A higher level of bacterial CFU was present in the right ( Figure 2C ), relative to the left, lung ( Figure 2D ), as the initial inoculum was placed in the lower right lobe of the animals. Further, BCG significantly reduced the burden of Mycobacterium tuberculosis growth in extrathoracic tissues such as spleen ( Figure 2E ), liver, and kidney (not shown), relative to the NHPs that received placebo. Hence, BCG limits the extrapulmonary transmission of Mycobacterium tuberculosis in primates.
Lung-pathology analyses were in agreement with the clinical and bacteriological measures (Figure 3 ). Lesions in BCGvaccinated areas were fewer and were largely limited to the lower right lobes, the site of initial inoculation with Mycobacterium tuberculosis, both upon gross pathologic ( Figure 3A and 3C) and histopathologic ( Figure 3E and 3G) analyses. In contrast, significantly more lesions and areas of consolidation were present in the sham-vaccinated group (Figure 3B and 3D; 3F and 3H). Significant differences were observed between the 2 groups of animals for total pathology scores ( Figure 3I ). Within individual lobes, the pathology scores were not significantly different for the inoculation site. However the total . CXR scores were determined as described earlier [12] [13] [14] , in a blinded fashion using the following scoring criteria: 0: normal; 1: moderate involvement; 2: extensive involvement; 3: miliary tuberculosis.
differences and those for all the other lobes were significant ( Figure 3J ).
The clinical, microbiologic, and pathologic readouts described above clearly demonstrate the effectiveness of the protection imparted by BCG vaccination against challenge with highly virulent Mycobacterium tuberculosis. These results are consistent with those obtained in earlier studies with both cynomolgus [9] and rhesus [10] macaques.
Gene Expression in Early NHP Granulomas
Lung granulomas were obtained at necropsy from 2 shamvaccinated Mycobacterium tuberculosis-infected NHPs and transcriptome profiles relative to normal lung tissue from uninfected animals. We first analyzed the gene expression in granulomatous lesions in sham-vaccinated NHPs that were euthanized at week 5, comparable to the transcriptome profiles of tuberculosis lesions from rhesus macaques infected via aerosol with a high-dose of Mycobacterium tuberculosis CDC1551 [8] . The early lesions in that study were characterized by the extremely high expression of proinflammatory genes. The expression of a majority of proinflammatory genes induced in rhesus macaques lesions were also induced in these lesions derived from cynomolgus macaques 5 weeks postinfection (Table 1) . Numerous α-chemokines (but only 2 β-chemokines), cytokines, and interferon (IFN)-and tumor necrosis factor (TNF)-related genes exhibited induced expression in early tuberculosis lesions. The expression of many genes involved in innate immunity and defense as well as apoptosis was also induced, indicating the advent of the acute granulomatous response. Hence, the expression pattern of the early tuberculosis lesions remains proinflammatory, irrespective of the dose, inoculum, Mycobacterium tuberculosis strain, and route of infection.
Gene Expression in Late NHP Granulomas
Next we analyzed gene expression in tuberculosis lesions at week 10. The proinflammatory nature of the week 5 response was blunted in week 10 tuberculosis lesions (Table 1) . However, the extent of transcriptional downregulation in this instance occurred to a lesser extent than in the rhesus study [8] . This was likely due to the fact that we analyzed granuloma expression at week 10 rather than week 13. Moreover, a significantly lower dose of Mycobacterium tuberculosis was used in this instance, in comparison to the experiment involving rhesus macaques. Hence, the progression to acute tuberculosis in the current study occurred less rapidly. None of the proinflammatory cytokines exhibited induced beyond 3-fold relative to normal lung tissues. Both the total number of genes induced and their magnitude of expression were lower for IFN-, TNF-, innate immune-, and defense-related genes Official National Center for Biotechnology Information human gene symbols are used to denote genes. Numbers in parentheses signify the numeric fold-change of expression for that gene. Functional groupings were constructed using DAVID (http://david.abcc.ncifcrf.gov/). Genes in boldface were present in the data set at both time points.
( Table 1) . Notably, the expression of MMP1 (66-fold), SOD2 (32-fold), MMP9 (26-fold), IDO (22-fold), etc, continued to be highly elevated.
Impact of BCG Vaccination on Gene Expression in NHP Granulomas
Next we analyzed gene expression in the lesions obtained from the lungs of animals that had been BCG-vaccinated 17 weeks prior to Mycobacterium tuberculosis challenge. The expression of numerous members of the IFN and TNF networks was induced in these lesions (Table 2 ). In particular, the expression of IFN-γ was induced >30-fold, despite the lower Mycobacterium tuberculosis burden in the lungs of this group of NHPs. In contrast, despite the higher bacillary burden in the sham-vaccinated NHPs, IFN-γ levels were induced <4-fold ( Table 1 ). The levels of IFN-γ increased to approximately 11-fold in the late (week 10) lesions derived from the sham-vaccinated NHPs. Thus, BCG induces a memory response resulting in an early and substantially increased IFN-γ expression at the site of infection. The expression of IFN-γ, CCL2, and IDO was assessed via gene-specific primer pairs using the CyBr-green method to confirm microarray results by quantitative reverse transcriptionpolymerase chain reaction. The expression of these genes was found to be consistent with microarray results (not shown). 
Differential Induction of α-and β-Chemokines in Granulomas Derived From BCG-Vaccinated vs Sham-Vaccinated NHPs
The expression of several chemokine genes was enhanced following Mycobacterium tuberculosis infection in BCG-vaccinated NHPs. However, in this instance, several β-chemokine genes (CCL2, 4, 11, 13, 19, 20) were also induced in addition to α-chemokine genes (CXCL1, 3, 6, 9, 10, 11, 13, 16) . Several β-chemokine receptor genes also exhibited increased expression (CCR1, 2, 5, and 7; Table 2 ). The enhanced expression of β-chemokines was in contrast to lesions obtained from the sham-vaccinated, Mycobacterium tuberculosis-infected macaques ( Figure 4 ). This was especially evident in the early (week 5) lesions ( Figure 4A and 4B). In samples derived from sham-vaccinated macaques, few β-chemokine genes (CCL2, 11) and no β-chemokine receptor genes showed consistent induction. Of the β-chemokine genes that were induced in both BCG-and sham-vaccinated NHPs, the magnitude of CCL2 (38-fold relative to 8-fold) and CCL11 (5-fold relative to 3-fold) expression was also higher in the former, relative to the latter group. The expression of α-chemokines was induced to high levels in the early lesions derived from both groups of animals ( Figure 4C and 4D) . The expression of CXCL16, CXCR6, CXCL14, CXCL13, and CXCL9 was, however, slightly higher in early lesions from BCG-rather than sham-vaccinated animals, though the differences, both in magnitude and breadth, were nowhere near those observed for β-chemokines. Thus, the expression of β-chemokines and the recruitment to the lung of cells in response to this signal correlates with protection, while the production of α-chemokines alone, in the absence of β-chemokines, correlates with disease progression.
Lesions From Unvaccinated Animals Contain Fewer Macrophages
The α-chemokines CXCL1, CXCL2, CXCL3, CXCL6, and CXCL8 are major chemoattractant factors for neutrophils [17] [18] [19] [20] [21] . In contrast, β-chemokines are mainly responsible for macrophage and lymphocyte recruitment and homing (CCL2, CCL3, CCL4, CCL5, CCL13, CCL19, CCL21) [22] [23] [24] [25] . Because lesions from sham-vaccinated NHPs expressed primarily α-chemokines, whereas those from BCG-vaccinated NHPs expressed a better balance of both α-and β-chemokines, we assessed if fewer macrophages (or more neutrophils) are recruited to the lungs of unvaccinated primates or conversely if more macrophages (or fewer neutrophils) are recruited to the lungs of BCG-vaccinated animals following the challenge. To discriminate between macrophages and neutrophils, a multispectral Monocytes can also present MAC387, albeit at lower level [26] . Thus, neutrophils were identified by MAC387 +hi while CD68 + MAC387 +low cells were phenotyped as macrophages. Week 5 lesions from vaccinated animals harbored significantly more macrophages, relative to comparable lesions from the unvaccinated animals ( Figure 5A and 5B). The total number of neutrophils detected in lesions derived from unvaccinated animals was higher than in lesions from the unvaccinated animals ( Figure 5C and 5D) . Thus, the lesion neutrophil:macrophage ratio was significantly higher for unvaccinated relative to vaccinated animals ( Figure 5E ). These results are in accordance with the observed expression of chemokines in the lesions from the 2 groups (Figure 4) . Further, these results confirm the growing understanding that acute progression of Mycobacterium tuberculosis infections and the concomitant immunopathology correlates with decreased macrophage and increased neutrophil recruitment in humans [27] and mice [28] .
IDO Expression is Highly Induced in Tuberculosis Lesions
The expression of IDO was induced approximately 122-fold in early lesions derived from sham-vaccinated NHPs (Table 1 ). In contrast, the expression of IDO was induced approximately 22-fold in week 5 lesions derived from BCGvaccinated NHPs (Table 2) . Similarly, the expression of IDO in late (week 10) lesions from the vaccinated NHPs was significantly lower than in the time-matched lesions from the unvaccinated animals (8-fold vs 26-fold). The expression of IDO in early (week 5) BCG-vaccinees was comparable to that in late (week 10) tuberculosis lesions (22-fold vs 26-fold), indicating that the expression of this gene was reduced over the course of time from peak in both groups of NHPs. Thus, in the absence of protective vaccination, the expression of IDO was increased to significantly higher levels and much earlier in time. Recent reports have shown that Mycobacterium tuberculosis infection of macrophages in vitro [15, 29] and in vivo [8] induces IDO expression. It is being proposed that IDO is part of a deliberate immune subversion mechanism by intracellular pathogens [30] .
Expression of IDO Occurs in the Ring-Wall Regions of NHP Tuberculosis Granulomas
Multilabel confocal immunofluorescence was used to verify the differential expression of IDO in the lung lesions of vaccinated and sham-vaccinated animals. The expression of IDO was detected in all samples studied, but distinctly higher in samples derived from sham-vaccinated NHPs, thus confirming the transcriptomic results ( Figure 5F and 5G). Interestingly, the expression of IDO was at its greatest in cells lining the ring-wall (ie, the inner caseum of the granuloma lesions) and primarily occurred in larger cells (Figure 5E-H) . Intense expression of IDO has been reported to occur in dendritic cells within the ring-wall structure of granuloma lesions formed following Listeria monocytogenes infection in humans [31] . Hence, we investigated whether the expression of IDO was also largely limited to this cell type and region with the tuberculosis granulomas. The expression of IDO in both groups of animals did not colocalize with dendritic cells (using a anti-dendritic cell SIGN antibody) in tuberculosis lesions (not shown). However, the expression of IDO largely occurred in the ring-wall structure of the tuberculosis granulomas, within the macrophage-rich region ( Figure 5E -H). These extremely novel findings point to previously unknown mechanisms that are potentially utilized to control acute granulomatous immunopathology.
DISCUSSION
The long-term control of tuberculosis requires the development of efficacious vaccines. In turn, this requires a complete understanding of the bacterial mediators of virulence and host mediators of protection in appropriate animal models. Primate granulomas exhibit highly ordered architecture, mostly with central necrosis surrounded by a peripheral rim. Such lesions are thought to be critical for containing Mycobacterium tuberculosis replication, and conversely, permitting the latent survival program of the pathogen [5] . In fact, hypoxia and necrosis during human tuberculosis infections are likely to have such profound influence on the physiology of the pathogen that a study of host-Mycobacterium tuberculosis interaction in hosts with nonhypoxic granulomas [32] may be misleading [33] . Hence, characterization of primate granulomas allows a better understanding of the mediators of latency and reactivation.
We characterized the lung granulomas of primates with active tuberculosis, at an early and a late stage of infection, by transcriptomics and compared these results to those obtained from a similar investigation on animals that had been BCGvaccinated prior to Mycobacterium tuberculosis challenge. Our contention was to generate a list of potential markers that may be able to predict either protection from lethal Mycobacterium tuberculosis challenge, or progression to acute disease, or both. Our study has generated several important results. We show that BCG vaccination significantly reduced the burden of tuberculosis in cynomolgus macaques. The vaccinated animals had significantly reduced bacterial load, clinical correlates of acute tuberculosis, and immunopathology. BCG vaccination significantly decreased the potential for the transmission of the bacilli from the primary site of infection to secondary lung sites, but did not protect against bolus infection with 250 CFU Mycobacterium tuberculosis Erdman at the primary locus.
Prior BCG vaccination had a substantial effect on the expression of chemokines, potentially impacting the structure and the composition of the granuloma, as chemokines orchestrate the migration of specific immune effector cells expressing their cognate receptors to the site of infection. The α-chemokines CXCL1, CXCL2, CXCL3, CXCL6, and CXCL8 are known to attract neutrophils, which express their cognate receptors CXCR2, CXCR3, and CXCR5 to high levels. The expression of these neutrophil-specific chemokines occurred at a comparable level in the lesions of both BCG-and sham-vaccinated NHPs. However, both the total number of and the magnitude of expression of β-chemokines were higher in lesions derived from vaccinated NHPs (Figure 4) . The β-chemokines are responsible for macrophage and lymphocyte recruitment (CCL2, CCL3, CCL4, CCL5) and homing to tissues (CCL13, CCL19, CCL21). Hence, an important marker of protection against Mycobacterium tuberculosis infection may be the expression balance of α-and β-chemokines or the neutrophil:macrophage ratio in lung samples.
Neutrophils are the earliest responding cell type following Mycobacterium tuberculosis infection and have bactericidal function. However, there is mounting evidence that increased recruitment of neutrophils, relative to macrophages, to the lung following Mycobacterium tuberculosis infection causes uncontrolled immunopathology and is detrimental to the resolution of the disease [27, 34, 35] , perhaps because of inhibition of macrophage antimycobacterial activity [36] [37] [38] . Our results, obtained using an appropriate model of human tuberculosis, support this hypothesis. Vaccinated animals exhibited fewer neutrophils and more macrophages, and a significantly lower neutrophil:macrophage ratio in their lung lesions.
IDO was most highly induced in the early lesions of shamvaccinated macaques. IDO is responsible for tryptophan degradation in mammals [39] . Because tryptophan is an essential amino acid, ability to catabolize it represents a strategy by the immune system to starve pathogens by inducing the expression of IDO and the resulting depletion of tryptophan, for example, during infections with Toxoplasma gondii [40, 41] .
However, evidence has recently emerged that IDO mediates powerful immunomodulatory functions downstream of IFN-γ [42] and TNF [31] , by inhibiting T helper 1-type response due to tryptophan starvation [29] . Hence, the stimulation of IDO expression may constitute a strategy by some pathogens to create local immune privilege at the site of infection, which could in turn attenuate innate immune responses and allow pathogen replication.
IDO expression was highly induced by Mycobacterium tuberculosis infection, but to a significantly lower extent in vaccinated and protected NHPs. Thus, Mycobacterium tuberculosis may also utilize the immunomodulatory effects of IDO to further its replication. This notion is strengthened by the observation that IDO is almost exclusively expressed in the ring wall of granuloma lesions. Granuloma formation is a critical step toward the control of Mycobacterium tuberculosis infection. Neutrophils, macrophages, and lymphocytes are essential components of tuberculosis granulomas. Phagocytes are the major constituents of the ring walls of caseous tuberculosis granulomas. Concomitantly, lymphocytes are rarely present in the ring walls ( Figure 5F-G) . Because IDO generates a strong anti-T-cell inhibitory effect [31, [43] [44] [45] [46] , we propose that IDO in ring wall prevents activated T cells from accessing the pathogen in the central caseous region. This may be beneficial to the host, as infiltration of central granuloma region by T cells may potentially disrupt the lesion, thus allowing the escape of the pathogen.
There is evidence to support this notion. Tnf −/− mice are highly susceptible to Mycobacterium tuberculosis infections owing to extensive damage to the granuloma structure by an uncontrolled type 1 response [47] . When CD4 or CD8 T lymphocytes were selectively depleted, the damage to the granuloma structure was abrogated, translating into a prolonged survival of the susceptible Tnf −/− mice following challenge. In our current study, all NHPs exhibited induced levels of IDO in the ring walls of lung granulomas, but animals with prior BCG vaccination, which were protected from severe tuberculosis, exhibited several-fold lower IDO levels than animals with acute disease. Thus, the expression of IDO may be a lung protective mechanism. Our model assigns a novel function to IDO in response to Mycobacterium tuberculosis infection that would require subsequent experiments in the future for validation. Mice commonly used for tuberculosis infections do not exhibit the highly organized structure of human or primate lung granulomas. Because murine granulomas do not caseate, it is unlikely that murine lesions will either exhibit such a morphologically defined expression of INDO. However, recent reports indicate that C3H:FeJ (Kramnik) mice develop necrotic granulomas [48] . It will be interesting to study the morphology of INDO expression in Kramnik mice infected with Mycobacterium tuberculosis.
Notes
